onset by up to 3 weeks. Similarly, lower expression levels of PDGFC or PLAT in motor neurons of sporadic ALS patients were correlated with older age at disease onset. PDGF-CC inhibition and restoration of BSCB integrity did not prevent capillary regression at disease end stage. Lower vessel density was found in spinal cords of sporadic ALS patients and the degree of regression in SOD1 G93A mice correlated with more aggressive progression after onset regardless of BSCB status. We conclude that PDGF-CCinduced BSCB dysfunction can contribute to timing of ALS onset, allow insight into disease origins and development of targeted novel therapies.
Introduction
Amyotrophic lateral sclerosis (ALS) is a rapidly progressing disease where motor neurons in spinal cord and brain degenerate resulting in paralysis and death [6] . Most ALS cases appear sporadic (sALS), while 10 % are familial (fALS). A proportion of fALS cases is caused by specific mutations in genes including superoxide dismutase 1 (SOD1) [33] and their transgenic overexpression is used to model ALS-like disease in rodents [17] . The factors causing sALS are a poorly understood interplay between age, genetic background or environmental factors [3, 18] and can modulate the latency to onset even within fALS cases carrying the same mutation [31] .
Elevated immunoglobulin (IgG) and albumin levels were detected in the cerebrospinal fluid of sALS patients [21] , which suggests dysfunction of the blood-brain barrier (BBB) and its spinal cord counterpart (BSCB). Recently several SOD1 ALS mouse models were found to have dysfunctional BSCB already at a presymptomatic stage of the disease [26, 44] . IgG extravasation was observed in spinal cords of SOD1 G93A mice before detectable inflammation or motor neuron loss, suggesting that BSCB dysfunction could promote neuronal injury [26, 44] . It is still unknown, which molecular signalling pathways or cell types promote this BSCB dysfunction. The maintenance of vascular barrier properties is the result of a dynamic interplay between the endothelial cells (EC) lining the vessel wall, contractile vascular mural cells regulating the vessel diameter and perivascular astrocytes connecting the vessel with neuronal synapses [25] . These cells coordinate blood flow dynamics, selective molecular uptake, and are commonly referred to as the neurovascular unit [27] .
We have previously shown that platelet-derived growth factor C (PDGF-CC) pathway is activated and contributes to BBB dysfunction and oedema after ischemic brain injury [36] and other neuropathologies. Since the inhibition of PDGF-CC signalling by imatinib was beneficial in stroke [36] , traumatic spinal cord injury response [1] , and other neuropathologies [2, 13, 37] we here utilised genetic and pharmacological methods to inhibit the PDGF-CC pathway in SOD1 G93A fALS mice.
Materials and methods

Mice strains, housing, and ALS evaluation
The SOD1 G93A (B6SJL-Tg(SOD1*G93A)1Gur/J) and SOD1
G85R
[B6.Cg-Tg(SOD1*G85R)148Dwc/J] strains were a kind gift from Prof. Stefan Marklund at Umeå University, Sweden. Generation of Pdgfc −/− mice was described previously [9] . Strains were backcrossed to the C57BL/6CR background for at least 10 generations. B6SJL-Tg(SOD1)2Gur/J mice overexpressing wild-type SOD1 were purchased from the Jackson Laboratory. Mice were housed in individually ventilated cages in a specific pathogen-free facility and given free access to food and water. Symptomatic mice were given solid drink (95-23-100) from Nova SCB. Transgene-bearing mice were identified by PCR genotyping as described previously [32] . SOD1 copy number was determined with qPCR using fluorescent probes for hSOD1 and mApoL and was carried out as described in guidelines by the Jackson Laboratory [20] . Mice with more than a 0.5 ΔCt differences from the SOD1 G93A reference DNA (Jackson Laboratories) were discarded from the colony. Body weight was measured in a blinded fashion three times a week from the age of 8 weeks. Onset was defined retrospectively as the day of maximum body weight. Progression was defined as time from onset to loss of more than 10 % of the body weight. From the time when mice lost support in two limbs they were monitored daily and survival (critical endpoint) was determined as mouse inability to right itself within 30 s from being placed on either side [7, 40] .
Patient description and bioinformatics
Human spinal cord tissues from sALS patients and nondemented controls used for histological analysis were retrieved from the Netherland's Brain Bank (NBB, http:// www.brainbank.nl/). Information about the patients and controls used in the mRNA expression analysis of lasercaptured motor neurons were published previously and described within [30] , as was information on the patients used for the RNA sequencing of frontal cortex tissue [29] . All patients classified as sALS cases were assessed and found negative for C9Orf72 mutations. Expression data sets GSE67196 (cortex) [29] and GSE18920 (laser-captured motoneurons) [30] were downloaded from NCBI Gene Expression omnibus (http://www.ncbi.nlm.nih.gov/ geo/). For GSE18920, the raw .cel files were reanalysed using Affymetrix Expression Console to obtain summarised expression values for transcripts presented as normalised probe intensity units. Samples from patient 55 and 65 of GSE18920 were excluded from further analysis, since they turned out as outliers in a hierarchical clustering analysis.
Imatinib administration and cohort design
Imatinib mesylate tablets (Glivec ® Novartis) were pulverised and dissolved in PBS. Animals were fed 100 μl of the solution by gavage twice a day to a total dose of 100 or 150 mg/kg/day for survival and tracer experiments, respectively. Mice in survival cohorts were treated from the age of 8 weeks until the critical endpoint. Mice involved in the fluorescent tracer studies were treated for 7 days from the onset age at 14 weeks. For the imatinib cohort SOD1 G93A female littermates were randomly split to control and treatment groups. For the Pdgfc deficiency experiment mice were organised in gender-balanced cohorts. Mice in treatment and gene ablation groups, which displayed severe non-ALS-related health issues, were removed from further cohort analysis.
Histology and immunostainings
Immunohistochemistry and beta galactosidase detection
Paraffin-embedded tissues were cut at 6 (mice) or 10 μm (human) thickness, rehydrated, retrieved in EDTA or citrate buffer at pH 6.0, blocked with TNB solution (NEN Life Sciences) and incubated with one of the following antibodies overnight: a custom rabbit anti-PDGF-C-core domain, ChAT (144P Millipore), GFAP (Z0334 DAKO), CD3 (1477 Serotec), Iba1 (019-19741 Wako), APP (MAB348 Millipore), Mac3 (553322 DB Pharmingen) or B220 (550539 BD Pharmingen). Following PBS washes, sections were incubated with biotinylated anti-rabbit antibody solution (656140 Life Technologies), developed with ABC Elite (PK-6100) and DAB substrate (SK-4100) from Vector Laboratories according to manufacturers instructions. Spinal cord tissues from Pdgfc −/− mice stained simultaneously were used as negative control. Beta galactosidase activity was detected using a standard protocol as described previously [36] .
Immunofluorescence
Following PBS and PFA perfusion, tissues were incubated with 30 % sucrose solution overnight, embedded in frozen section media and snap frozen on dry ice. 30 and 16 μm sections were cut on a Micron cryostat for BSCB tracer quantification and histology staining. The following antibodies were used for immunostainings: a-Podocalyxin (AF1556 R&D), a-Collagen IV (2150-1470 Serotec), Claudin-5 (352588 Thermo Fisher) and a-PDGFRα (3164 Cell Signaling). Secondary goat antibodies conjugated to Alexa Fluor 488, 555, 594 or 647 were purchased from Life Technologies. Images were acquired using Zeiss LSM 700 confocal microscope and Zen software.
Nissl staining for motoneuron count
Motoneurons in the ventral horns of SOD1 G93A or nontransgenic mice on Pdgfc
+/-and −/− background, and of SOD1 G93A mice treated with imatinib mesylate or PBS were counted at the onset or at end-stage disease. Since neuromuscular junction denervation occurs early in ALS [10] and results in loss of expression of choline acetyltransferase (ChAT) [39] , we preferred to count viable motor neurons as Nissl-positive cells with a diameter greater than 20 μm and with clearly visible nucleolus to ChAT immunostaining to avoid false-negative counts. Coronal sections from frozen lumbar spinal cords were rehydrated for 40 min in PBS and thereafter permeabilised for 10 min in PBS/0.1 % Triton X-100 before labelling with a green fluorescent Nissl probe (1:300 in PBS) for 20 min at RT (NeuroTrace ® 500/525 green fluorescent Nissl stain, Invitrogen, OR, USA). Excess tracer was washed away with PBS/0.1 % Triton X-100 followed by a 2 h wash in PBS before mounting in Prolong Gold antifade reagent with DAPI (Invitrogen). Viable alpha motor neurons (αMNs), defined as polygonal Nissl + cells were counted in both ventral horns by an investigator blinded to the sample information. Individual observations are based on an average of five lumbar spinal cord sections per mouse and the data expressed as the percent of difference between mean αMN number ± s.e.m. from the number of mice stated in the respective figure legends. Statistical analysis was performed using the non-paired Student's t test and statistical significance was defined as p < 0.05.
BSCB integrity with IgG and tracer quantification
Nonadjacent 30 μm sections separated by at least 240 μm with a mean of 8.2 ± 0.2 slides per animal were used for leakage quantification. Sections were photographed at 10× objective magnification with the central canal aligned in the middle. Region of interest (ROI) was defined as combined grey and white matter area of the spinal cord excluding the meninges, ventral artery and ventral median fissure. Images were quantified using the ImageJ software by setting a common pixel intensity threshold and calculating the pixelpositive area. Two-tailed Mann-Whitney test was chosen for the analysis of IgG and tracer leakage and statistical significance was defined as p < 0.05.
Exogenous BSCB tracers
Cadaverine-Alexa-Fluor-555 (A30677), BSA-AlexaFluor-555 (A34786) and 70 kDa dextran-tetramethylrhodamine (TMR) (D1818) were purchased from Life Technologies, resuspended in PBS to a concentration of 0.5, 2.5 and 2.5 mg/ml, respectively, and injected at 100 μl per 20 g of body weight via tail vein. Tracers were allowed to circulate for 2 h (cadaverine-A555) or 16 h (BSA-A555 and Dextran-TMR) followed by anaesthesia with Hypnorm and midazolam, cardiac perfusion with PBS and perfusion-fixation with 4 % PFA.
Vascular length measurements
An average of 4 tissue sections per animal were cut at 30 μm thickness and were stained with antibody against Podocalyxin to visualise vasculature. For human tissue vessels in 3 sections were stained with anti-CD34 antibody (M7165 Dako). Images fitting the ventral horn grey matter were analysed with ImageJ software by threshold selection and skeletonisation function. Each n replicate data is an average of 8 (mouse) or 6 (human) ventral horns. Spinal cord tissues in 3 out of 42 mice were underexposed and needed adjustment in gain until vasculature was visible. The increase in signal intensity was normalised using a standard sample analysed at both levels of gain. The total length of fragments per frame was presented as mean ± s.e.m. Statistical analysis was performed using the Student's t test and statistical significance was defined as p < 0.05.
mRNA, protein expression and proteolytic tPA activity mRNA expression
Lumbar spinal cords were dissected, frozen in RNALater solution (Qiagen 76106) and kept at −80 °C. Whole tissue RNA was isolated with TRIzol reagent (Invitrogen 15596-026) and RNeasy (Qiagen 74106) according to the manufacturers' instructions. Total RNA (1 μg) was reverse transcribed with iScript cDNA synthesis kit (Bio-Rad 170-8891). qPCR was performed using KAPA SYBR Fast polymerase (KAPA Biosystems KK4601) and 10 ng cDNA per reaction with duplicate repeats. Average ΔCt values from three independent runs were used as a conclusive result for each mouse. Expression levels were normalised to the expression of ribosomal protein L19 (Rpl19). The following primers were used for qPCR analysis:
Western blotting
Frozen lumbar spinal cords were lysed in 50 mM Tris-HCl pH 7.5, 100 mM NaCl, 0.5 % SDS, 1 % Triton X-100, 0.5 % deoxycholate supplemented with protease inhibitors (Complete Protease Inhibitor Cocktail Tablets and PhosphoStop, both from Roche), using a Precellys24 homogenizer (Bertin). Protein content was determined using Pierce BCA Protein Assay Reagent (Thermo Scientific) according to manufacturer's instructions. 10 µg of total protein was separated on SDS-PAGE (4-12 % gradient gel, Invitrogen) and proteins where transferred on an Immobilon-P PVDF membrane (Millipore). Membrane was then probed with custom rabbit anti-PDGF-C-core domain antibody and rabbit anti-actin antibody (cat. #4967, Cell Signalling) as a loading control. Horseradish peroxidase conjugated secondary goat anti-rabbit antibody was detected using ECL substrate (both from Roche). For immunoprecipitation, lysates described above were adjusted to 750 µg total protein and cleared with protein G Sepharose (GE Healthcare, Uppsala, Sweden) for 1 h at 4 °C. Thereafter, custom rabbit antiserum to PDGFRα (kind gift from Carl-Henrik Heldin, Ludwig Institute for Cancer Research Ltd. Uppsala, Sweden) was added to the samples and incubated for 16 h at 4 °C. The antiserum was then precipitated with protein G Sepharose for 1 h at 4 °C. Sepharose beads were washed with ice cold TBS and boiled in Laemmli buffer. Precipitated proteins were separated on SDS-PAGE (4-12 % gradient gel) and then transferred on a nitrocellulose membrane (Invitrogen). Membrane was then sequentially probed with mouse anti-phosphorylated tyrosine antibody (clone 4G10, Millipore) and rabbit anti-PDGFRα antibody (#3164, Cell Signaling) as loading control. Horseradish peroxidase conjugated secondary antibodies anti-mouse and anti-rabbit, as well as ECL prime detection kit were from GE Healthcare. Pictures were obtained by the imaging system FluroChem Q (AlphaInnotec). Quantification was performed using the ImageJ software on the unmodified picture files. The intensity of the phosphorylated tyrosine band over the PDGFRα band intensity was applied as the ratio readout. The p value was calculated using one-tailed, Student's t test.
Proteolytic activity of tPA
Frozen lumbar spinal cords were homogenised in 0.4 M HEPES; 0.1 M NaCl; pH 7.4. Avidin-coated plates (Molecular Innovations, AVI-PLATE) were incubated with biotinylated PAI-1 protein (Molecular Innovations, NTBIOC-PAI) followed by incubation with tissue lysates or defined amounts of recombinant mouse tPA protein (Molecular Innovations, MTPA) to generate the standard curve. The amount of bound tPA was detected using rabbit anti-mouse tPA antibody (Molecular Innovation, ASMTPA-GF-HT) followed by incubation with donkey anti-rabbit-HRP antibody (Jackson Immuno Research, 711-036-152). Peroxidase activity was detected with tetramethylbenzidine (Molecular Innovations, TMB) chromogenic substrate and measured at 450 nm using the SoftMax Pro suite. The amount of tPA activity was related to the total protein content as measured by the BCA kit (Pierce) and presented as ng of active tPA/mg of total protein.
Statistical analysis
Data are expressed as mean ± SEM. Statistical comparisons were made with GraphPad Prism software using Student's t test (2-tailed unless otherwise indicated; for 2 groups meeting normal distribution criteria: mRNA expression, tPA activity, densitometry and vessel density) or Mann-Whitney test (for 2 groups not meeting normal distribution criteria: BSCB integrity degree in histology sections). Pearson's regression was used for correlation analysis. Kaplan-Meier survival curves and probability estimates were calculated using Log rank (Mantel-Cox) and GehanBreslow-Wilcoxon tests. For all tests, a p value of 0.05 or less was considered significant.
Ethical approval
All the work involving animal or human subjects/tissues has been carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and with national legislation as well as our institutional guidelines. Animal experiments were approved and performed according to the guidelines of the North Stockholm Animal Ethics Committee. Ethical approval for the use of the human samples analysed in this publication was obtained from the regional ethical review board in Stockholm, Sweden (Regionala Etikprövningsnämnden, Stockholm, EPN, http://www.epn.se/sv/stockholm/omnaemnden/), approval number 2012/111-31/1(Eva Hedlund). Experiments were performed in compliance with the ARRIVE guidelines.
Experimental design
For tissue section analysis (e.g. PDGFC expression staining or motor neuron count) blinding was performed by third party concealment of treatments or genotypes and assignment of numeric codes to each group. For treatment cohort randomisation each even and odd mouse in a litter was separated to control and treatment groups. For mouse cohort evaluation analysis blinding was performed by a third party concealment of the mouse tag. Sample size for SOD1 ALS mice cohorts was chosen in concordance with "Guidelines for preclinical in vivo evaluation of pharmacological active drugs for ALS/MND" [24] . Recommended cohort size contained a minimum of 12 gender-matched mice per control and treatment group.
Results
The PDGF-CC signalling pathway is activated before the onset of ALS symptoms Current understanding of the mechanisms leading to BSCB dysfunction in ALS is limited and has not been attributed to specific signalling pathways. We observed increased PDGF-C immunostaining (Fig. 1a) associated with blood vessels at the presymptomatic age of 8 weeks (Fig. 1b) and accumulated in parenchyma during onset and symptomatic stages (14 and 20 weeks) in spinal cords of SOD1 G93A mice. Moreover, vessels displaying BSCB dysfunction were surrounded by perivascular astrocytes expressing the receptor for PDGF-CC-PDGFRα (Fig. 1c) . We found that in the spinal cord tissue the cells with the strongest expression of the Pdgfc mRNA transcript belonged to a subpopulation of ChAT + neuronal cells as shown by location of β-galactosidase activity in Pdgfc +/lacZ mice (Online Resource 1a, b, c, d ). Latent PDGF-CC protein is secreted to the extracellular matrix and needs to be proteolytically cleaved by the tissue plasminogen activator (tPA) to become an active ligand [11] . Although Pdgfc mRNA expression level in SOD1 G93A spinal cords was stable, expression of the tPA gene (Plat) was increased already in the presymptomatic stage (Fig. 1d) . Since tPA function can be modified by protein inhibitors we also examined the levels of proteolytically active tPA in spinal cords of SOD1 G93A mice and observed presymptomatic increase in tPA activity (Fig. 1e) , together with accumulation of cleaved 22-kDa PDGF-C protein ( Fig. 1f; Online Resource  2a, b, c) . Accordingly, we found an indication of liganddependent activation with increase of PDGFRα tyrosinephosphorylation in lumbar spinal cord tissue of presymptomatic SOD1 G93A mice (Fig. 1g, h ; Online Resource 2d). PDGF-CC-induced BSCB dysfunction is unlikely caused by SOD1 biochemical activity since it was also present in mice overexpressing enzymatically inactive SOD1 G85R mutation (Online Resource 3a, b) but not in mice overexpressing non-mutated SOD1 (SOD1 WT ) (Online Resource 4a, b). Since signalling pathways activated in SOD1 fALS models can differ from sporadic disease, we examined sALS cases and found elevated IHC staining for PDGF-C protein in sALS patients (Fig. 1i) . This finding was confirmed by increased transcription levels of PLAT in sALS frontal cortex (Fig. 1j) [29] and in laser-captured spinal cord motor neurons of sALS patients (Fig. 1k) [30] . Spinal cord motor neurons showed increased expression of both PLAT and PDGFC, which was not observed in remaining anterior horn tissue or cerebellum (Online Resource 5 a, b). These findings indicate that increase in PDGF-CC signalling is common in both fALS mouse models and human sALS tissue. PDGFRα can be also activated by PDGF-AA, which does not require extracellular activation and is constitutively secreted by cells expressing the Pdgfa gene [14] . Its expression was not changed during the course of the disease in SOD1 G93A mice, or in sALS samples (Online Resource 6a, b), which suggests that PDGF-CC is responsible for the increased receptor phosphorylation. Vascular barrier dysfunction in SOD1 G93A mice was not visibly associated with general changes in endothelial cell polarisation (Online Resource 7), a well-known characteristic for BBB disruption resulting from impaired Wnt/β-catenin signalling or CCM1 deficiency [19, 22] .
Decreased PDGF-CC activity restores BSCB integrity and delays ALS onset
To evaluate the effect of increased PDGF-CC activity on the BSCB dysfunction the SOD1 G93A strain was crossed with Pdgfc −/− mice (SOD1 G93A mice (n = 4). Mean ± s.e.m, two-tailed t test **p = 0.008, ***p = 0.0002. e Quantification of proteolytically active tPA in spinal cords of C57BL/6 (n = 3) and SOD1 G93A mice at age of 8 weeks (n = 5) and 20 weeks (n = 5). Mean ± s.e.m, two-tailed t test **p = 0.003, *p = 0.019. f Western blotting against the PDGF-C protein displaying accumulation of the 22-kDa active core domain. Tissue lysate from Pdgfc −/− mouse spinal cord and recombinant PDGF-C core protein were used as controls. g Western blotting against pTyr and PDGFRα in spinal cord tissue lysates. h Calculated density ratio of pTyr and PDGFRα bands. One-tailed t test *p = 0.048. i Increased expression of PDGF-C in medulla oblongata of sALS cases and controls as detected by immunohistochemistry (n = 4). Staining target is indicated in the upper right corner. Bar 20 μm. j mRNA expression of PDGFC and PLAT in the frontal cortex of control (n = 8), sporadic (n = 10) and C9orf72 (n = 8) ALS patients. Mean ± s.e.m, two-tailed t test *p = 0.006. k mRNA expression of PDGFC and PLAT (tPA) in laser-captured motoneurons of sALS patients (n = 12) and controls (n = 8). Mean ± s.e.m, two-tailed t test *p = 0. . Mean ± s.e.m, two-tailed t test. f Correlated values for neuronal mRNA expression of PDGFC or PLAT and age of sALS onset. r Pearson correlation, R 2 coefficient of determination, p one-tailed t test p value would point to an effective IgG clearance after barrier restoration (Fig. 2a, b) . We used fluorophore-conjugated tracers to describe the characteristics of BSCB deficiency and found that cadaverine (0.9 kDa) Alexa Fluor-555 (A555), bovine serum albumin (BSA)-A555 (69 kDa), as well as 70 kDa dextran tetramethylrhodamine (TMR) were found abluminally or within endothelium of SOD1 G93A mice after 2 or 16 h post-injection (Online Resource 8a, b, c, g, h) . The uptake of all three tracers was reduced in mice pretreated with imatinib for 7 days (Online Resource 8d, e, f). Endothelial tight junctions were not visibly impaired in leaky vessels (Online Resource 9 and Online Video 1), which together with the endothelial tracer location would suggest that transcellular uptake might be increased in BSCB dysfunction in ALS. To assess the role of PDGF-CC-induced BSCB dysfunction on ALS onset, we followed SOD1
G93A
Pdgfc
−/− mice and SOD1 G93A mice treated with imatinib from the presymptomatic age of 8 weeks. In SOD-1
G93A
Pdgfc
−/− mice the onset of symptoms, defined as the age of maximum body weight, was delayed by 13.5 days Fig. 2c ; Online Resource 10). The latency to onset was gender-related with longer delay in males (21 days, 19.6 %) than females (11 days, 10.2 %) ( Fig. 2c ; Online Resource 10). A similar effect of delayed onset was also observed in haplodeficient SOD1
G93A
Pdgfc
+/− mice ( Fig. 2c ; Online Resource 10). SOD1 G93A mice treated with imatinib also showed a delay in onset by 11 days (10.4 %) as compared with vehicle-treated controls (117 vs. 106 days) ( Fig. 2d ; Online Resource 10). Since muscle wasting is driven by motor neuron loss we also evaluated the effect of the PDGF-CC pathway on motor neuron counts. We found that in control SOD1
G93A
Pdgfc
+/+ mice 32 % of motor neurons were lost at 14 weeks, whereas only about 15 % were lost in SOD1
G93A
Pdgfc
−/− mice as referred to genotype controls without SOD1 G93A (Fig. 2e) . To verify if increased PDGF-CC signalling could have an effect on the onset of sporadic forms of ALS, we correlated mRNA expression levels of PDGFC and PLAT in neurons with patient age at disease onset. We found that similarly to
SOD1
G93A mice with reduced PDGF-CC activity, decreased expression of PGDFC or PLAT in neuronal cells was significantly correlated with increased latency to sALS onset (Fig. 2f) . Expression of PDGFC and PLAT was not simply decreasing with age in control subjects (Fig. 2f) or correlated in the anterior horn fraction (Online Resource 11) with the exception of neuronal PLAT, which increased with age in neurons of elderly control subjects (Fig. 2f) . Taken together our results indicate that the degree of PDGF-CC activity can affect age of onset in both a fALS model and sporadic human disease.
Vascular regression occurs despite BSCB restoration and correlates with disease severity
To assess the role of PDGF-CC activity after onset, we followed SOD1 G93A mice with ablated Pdgfc expression or PDGFRα inhibition until the critical endpoint. The progression phase, defined as time between onset and loss of more than 10 % of maximum body weight, was not affected in imatinib-treated SOD1 G93A mice and was shorter in SOD-1
G93A
Pdgfc
−/− mice compared to SOD1 Fig. 3a ; Online Resource 12c). As a consequence, there was no observable difference in survival, defined as time from birth to critical endpoint ( Fig. 3a; Online Resource 12c). Since end-stage disease acceleration occurred despite restored BSCB properties (Fig. 3b) , noticeable sparing of alpha motor neurons in the SOD-1
G93A
Pdgfc
−/− mice ( Fig. 3c ) and without noticeable differences in neuroinflammation (Online Resource 13a, b), it suggested that other mechanisms can contribute to disease duration after onset. The Pdgfc null mice were reported to have developmental cerebrovascular phenotypes [12] , which could contribute to disease acceleration after onset, yet the acceleration was also present to a lesser extent in SOD1
G93A
Pdgfc
+/− strain and imatinib-treated mice ( Fig. 3a; Online Resource Figure 12c ). We examined if disease-induced capillary regression after onset (Fig. 3d) [26] was connected with BSCB status and observed that vessels continued to regress despite restored BSCB (Fig. 3e, f) . Vascular regression was associated with presence of collagen sleeves, which are remnants of basement membrane after endothelial cell degeneration [8] (Fig. 3e) . Moreover, the degree of vessel regression at end stage was positively correlated with more aggressive disease after onset regardless of BSCB restoration (Fig. 3g) . Similarly to our observations in fALS mice, duration of sALS was not associated with expression levels of PDGFC or PLAT (Fig. 3h) and could be modified by capillary regression since it was also present in the grey matter of sALS spinal cord tissue (Fig. 3i, j) . In summary, our observations suggest that the vascular phenotype of PDGF-CC-induced BSCB dysfunction and disease-induced capillary regression are present in a fALS mouse model as well as in sALS; however, these phenotypes are not directly consequential and they can independently affect specific disease stages.
Discussion
The origins of ALS and factors affecting the onset of sporadic forms remain largely unknown. Vascular barrier dysfunction in sALS was proposed more than three decades ago [21] and studies in fALS rodent models imply that early BSCB dysfunction could exacerbate disease symptoms [15, 41, 44] . Exogenous administration of the anti-coagulant drug warfarin showed increased spinal cord haemorrhage and acceleration of disease onset in SOD1 G93A model [41] ; however, knowledge regarding endogenous molecular pathways leading to BSCB dysfunction is limited and as a consequence the therapeutic opportunities remain restricted.
We show that PDGF-C protein found in a neuronal subpopulation is increased in human sALS and in SOD1 mouse models from the presymptomatic stage as evidenced by increased activity of tPA, accumulation of cleaved PDGF-CC ligand and elevated phosphorylation of the PDGFRα. Using Pdgfc-deficient mice or pharmacological PDGFRα inhibition with imatinib, we were able to restore BSCB properties in the SOD1 G93A model, which led to increased latency to disease onset. The onset delay observed in SOD-1
G93A
Pdgfc
−/− (21 days) or SOD1
G93A
Pdgfc +/− males (20 days) was the strongest genetic effect recorded for this strain and outperformed transgenic overexpression of parvalbumin [5] or glutamate transporter EAAT2 [16] . A similar correlation between decreased expression of PDGFC or PLAT and delayed onset age in sALS patients suggests that this mechanism is common between familial and sporadic disease and clinically relevant. In the light of recent evidence for increased PDGF-C protein concentration in the cerebral spinal fluid of traumatic injury patients [37] our findings could provide a mechanistic explanation for increased ALS risk after head trauma [35] . Therefore, the therapeutic potential for PDGF-C inhibition could be applied to delay onset in familial ALS cases and in immediate treatment of traumatic injury events to decrease acute consequences of BBB dysfunction and probability of sALS onset.
Our onset-specific observation is consistent with the studies of cell-specific ablation of mutant LoxSOD1 G37R , which show that neuron stress is associated with disease onset [7, 43] but not later disease stages and can be augmented by dysfunctional BSCB. Although endothelial cells clearly contribute to the physical formation of the BSCB by means of tight junctions, the regulation of barrier activity is dependent on other cell types including, pericytes, astrocytes and neuronal activity [4, 28] . Our findings support this concept and point to a neuronal source of PDGF-C and the previously described astrocyte PDGFRα location [36] as a mechanism of BSCB dysfunction in ALS. tPA can be secreted by several cell types including interneuron synapses upon depolarisation [23] and prolonged increase in its activity can result in proteolytic activation of PDGF-C and stimulation of PDGFRα-positive perivascular astrocytes. As a consequence BSCB dysfunction and additional neuron insult can lead to acceleration of onset. Imatinib was designed to target the Abl kinase in chronic myelogenous leukaemia and apart from PDGFRα it can also inhibit PDGFRβ and c-Kit kinase activity. Long-term PDGFRβ inhibition can cause decreased pericyte coverage and BBB dysfunction [4] , which was also reported in ALS tissue [42] and needs to be considered in long-term imatinib use. Since imatinib has broad range of tyrosine kinase inhibition, a future therapeutic approach should focus on development of specific anti-PDGF-C antibodies.
Apart from BSCB dysfunction, fALS mouse models display other vascular pathologies such as decreased cerebral blood flow (CBF) or capillary network regression [26, 44] . It is yet unclear to which extent these phenotypes contribute to specific disease stages. We have confirmed that capillary regression is strongest at the end stage in fALS mice and further show that regression occurs despite BSCB restoration, which implies that these two pathologies are not successively linked. Importantly, we show that capillary regression can also occur in sALS and the degree of vascular regression in fALS mice correlated with disease duration after onset, with more aggressive progression to end stage occurring in mice with stronger capillary degeneration. This inefficient structure of the capillary network is a plausible explanation for decreased grey matter perfusion found in human ALS patients using 18 fluoro-deoxyglucose PET imaging [34, 38] . These human studies also point to a strong correlation between decreased CBF and increased disease severity, which together with our findings, indicate that vascular delivery of oxygen and nutrients can be a critical factor for disease progression and survival.
Taken together, our observations help to explain how vascular barrier and regression phenotypes in ALS contribute to specific disease stages. Early activation of the PDGF-CC pathway is a significant contributor to presymptomatic BSCB dysfunction and disease onset. However, efficient tissue perfusion through the capillary network can be an important factor controlling the duration of the disease after onset.
